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The penetrating radiation influence on GaP:Te single crystal characteristics has been
studied. It has been shown that the irradiation with 50 MeV electrons results in a gradual
degradation of the near-edge absorption due to the non-vertical transitions between the
band tails. In samples irradiated with reactor neutrons (® = 3-101% cm™2), the crystal
parameters are not restored entirely even after radiation defect annealing at 600°C.

HccnemoBaHo BIMsHNAE IPOHMKAMIEH pagumanuu Ha MoHOKpucraanbl GaP:Te. ITokasa-
HO, uTO oOayueHue snexrpoHamu E = 50 MeV npuBoguT K IIOCIELOBATEJBHOM Aerpagamuu
Kpas IOIJIOIIeHNs 34 CUeT HeBEPTUKAJIbHBIX II€PEeXO0J0B MeXIy xBoctamu 30H. OT:KuUr pagua-
uuoHHBIX gedextoB mpu 600° C, o6pasmosB, o0syueHHBIX HeliTpoHamu pearktTopa (P =

3-1016 ¢m™2) me nMPUBOAUT K HONHOMY BOCCTAHOBJIEHWIO WX IIAPAMETPOB.

1. Introduction

The high dose irradiated crystal samples
are to be considered as the objects with
long-range order lattice disturbances. A dis-
ordering level in such systems is as a rule
less than those in amorphous substances
where the periodicity deviations in the
atomic positions appears already within 8 or
4 coordination spheres. The X-ray spectra
of semiconductors do not show any essential
amorphisation even at ®~1018 cm™2 flu-
ences. But at the same time, their electro-
physical and optical constants (the charge
carrier concentration and mobility, optical
absorption, and luminescence) change appre-
ciably under irradiation. This concerns espe-
cially the optical parameters of gallium
phosphide [1-6].

The fundamental absorption band edge is
known to be highly sensitive characteristics
of the perturbation level of the crystal band
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edges. Its shape and position are the disor-
dering criteria in irradiated samples.

To date, the study of the penetrating ra-
diation effect on the near-edge absorption is
far from completion. In the prior works, the
destructive influence peculiarities of fast
particles on the absorption coefficient in
the fundamental transition region were
studied [1-6]. In GaP, the edge shape dis-
tortion was found to be considerable in com-
parison with other semiconductors, CdS for
example. That may be caused by the active
formation of radiation defect-impurity com-
plexes and lattice deformation due to the
structure defects in irradiated sample [3].
The point defect accumulation kinetics tes-
tifies to the critical role of Te and Zn impu-
rities in complexing. The results obtained in
[1-5] are of qualitative character. In [6],
data are presented which make it possible to
appreciate qualitatively to some extent the
radiation defect influence on the appearing
of the state density tails.
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At the same time, it is to note the ab-
sence of literature data concerning the accu-
mulation and annealing kinetics of the dis-
order region type radiation defects in the
crystals irradiated with fast electrons
(E, = 50 MeV) and fast reactor neutrons
(E =1 MeV). There is some ambiguity in
the annealing mechanism interpretation at
its different stages. That is why the aim of
this work is to clear the peculiarities of
accumulation and annealing of complex de-
fects caused by irradiation with particles
inducing the disorder region defects. It is
worth to say also that GaP single crystals
are used widely in optical instrument indus-
try. The optoelectronic devices operate in
penetrating radiation fields of nuclear
power plants and in spaceships. Thus, the
radiation hardness thereof is under interest,
too.

2. Experimental

200-400 ym thick n-type GaP samples
were grown by Czochralski method and doped
with Te at n = 1017 em™3 concentration. Te is
the main doping impurity in GaP which sub-
stitutes phosphorus while being dissolved and
thus being a donor. A free carrier concen-
tration rises linearly to n = 6.1017 cm™3
as Te content in the solution increases. The
excess tellurium provokes a sublinear de-
pendence because of the second Ga,Te;
phase appearing. The Te concentration in-
creases in that case towards the epitaxial
film growth [7, 8].

The crystals were irradiated with elec-
trons (E = 50 MeV, @ ~ 1017 — 5.1017 cm™2)
and fast reactor neutrons (E =1 MeV, © =
3-1016 em~2) at room temperature. The iso-
chronous annealing in the 50 to 600°C tem-
perature interval was carried out at 20 min
periods of the holding at a constant tem-

perature. The optical absorption was meas-
ured at 300 K.

3. Resultls and discussion

Existence of the state density tails of
(SDT) in the initial highly doped and com-
pensated semiconductors causes an exponen-
tial increase of the absorption coefficient

o(fio = hv) in the near-edge region accord-
ing to the Urbach law [9]

oy — (1)
((DOT(D)}, A=cT, c=const

u(o)-exp] -
where A is the characteristic energy.
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Fig. 1. Dependences of the absorption coeffi-
cient a(hv) of n-type GaP irradiated with
50 MeV electrons at fluence ®, cm 2: 0 (1);
3.1016 (2); 1017 (3); 5-1017 (2).

The experimental dependences of the ab-
sorption coefficient a(hv) in the fundamen-
tal transition region for initial and irradi-
ated with 50 MeV electrons n-type GaP are
shown in Fig. 1. It is seen that the exponen-
tial o(hv) increase occurs in the interval
hv = 2.2-2.5 eV for the initial sample. The
Urbach law is valid for 2.4-2.5 eV region
and also valid in part in the Av = 2.3-
2.4 eV region for the sample irradiated at
® = 31016 ¢cm—2 (E, =50 MeV), but the
characteristic energy is higher in this case
(A = 0.058 eV, A;,.; =0.081 eV). The
characteristic energy parameter A is known
to be the crystal defect measure, which pro-
vides an estimation of the structure defect
concentration that influences the optical ab-
sorption [10]:

A = 2.2(n,a3)5Ey, (2)
. A 5/2L (3)
t 2.2EB a3 >

where n, is the defect concentration; ag, the
Bohr radius of electron in the crystal

gh? (4)

a [
B~ me2’

which differs from the Bohr radius of iso-
lated hydrogen atom by the dielectric per-
mittivity € of material

_ m'et (5)
B 9g2p2
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Fig. 2. Concentration of optically-active cen-
ters as the dose function for n-type GaP irra-
diated by 50 MeV electrons.

is the Bohr energy Ep in the crystal ex-
pressed by the carrier effective mass m™ and
thus being a constant only for the specific
crystal lattice.

The n, estimation results for irradiated
GaP (egzp =11, m}; = 0.1 m) are given in
Fig. 2 as the concentration optically active
centers as a function of dose. This defect
concentration is obviously overestimated,
however, the curve in Fig. 2 reflects objec-
tively the defect accumulation kinetics dur-
ing irradiation. The nonlinearity of n,(®)
may result from formation of defect clus-
ters, which geterate considerable inner
fields. According to the Franz-Keldysh ef-
fect, those fields decrease the barrier height
down to

oo Bem hv, (6)

qo¢

where gq is the electron charge; g, the elec-
tric field intensity) and increase the prob-
ability of tunnel transition involving a pho-
ton. The absorption edge must shift towards
a lower energy. It is seen in Fig. 1 for
a(hv) of a sample irradiated with an inter-
mediate electron fluence ® = 3.1016 cm~2.
The further increase of the integral electron
fluence results in a gradual distortion of
the absorption edge due to non-vertical
transitions between the band tails which
may reach the middle of the forbidden ban
at ® > 51017 cm™2. It is to note that if the
crystal includes the large-scale defect accu-
mulations, the scattering of light quanta in-
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Fig. 3. Restoring of the absorption coeffi-
cient a(hv) of neutron-irradiated GaP sample
in the course of isochronous annealing: as-ir-
radiated (1); annealed at 200°C (2); 300°C (3);
500°C (4); 600°C (5); initial (6).

creases, thus contributing additionally to
the measured absorption coefficient.

The formation of disorder regions during
neutron irradiation is known [6]. It is of in-
terest to study their thermal stability in GaP.
An isochronous annealing of neutron-induced
radiation defects (® = 8-1016 n/cm?2) was car-
ried out in 300-600 K temperature inter-
val. The oa(hv) dependences for initial sam-
ple and those annealed at different tempera-
tures are shown in Fig. 3. It is obvious that
an essential part of non-annealed defects
still exists in a sample after T,,, = 600°C.
However, a further heating of the crystal is
not desirable due to the formation of ther-
mal defects which deteriorate sharply the
crystal uniformity [11]. The Urbach law is
valid for the initial sample heated at 600°C
in the 2.3-2.4 eV region.

Concentration of defects n;, which influ-
ence on absorption according the equation
(3) depends exponentially on the annealing
temperature (Fig. 4). The diffusion equation
(second Fick’s law) in the case when the
diffusing component concentration C is
equal to the sample defect concentration n;
can be written as

DV2n, = —. (1)

The diffusion coefficient D = ya?v is de-

fined by the lattice constant a; y is a nu-
merical coefficient depending on the lattice
geometry and position of neighboring de-
fects; v, the frequency of defect jumping
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which, according to the Arrhenius expres-
sion, is

_Ey (8)
V= voe ET>

where vg = 1013 g1 s the vibration fre-

quency of penetrating atoms. Thus, the
temperature dependence of D is exponential
with activation energy E,.

Let drain regions of radiation defects to
exist in the sample with absorbing surfaces
where n, = 0. Then series of functions can
be written for a separate region for which

Vz(pi(r) + 7%%(") =0 9

over the whole region. At the boundaries,
¢@; = 0. A; are constants defined by the shape
and dimension of the region and Ay < Ay < A,.
The ¢;(r) functions are orthogonal. The so-

lution of the previous equation for ¢; is a
sum [12]

°° (10)
C(r,t) = Y a0 r)e Pt
i=0

Substituting one of the items into the
differential equation for ¢;(r), an identity is
obtained.

It is clear from the solution that the de-
fect concentration in every point r decreases
as the sum of the exponentially dropping
functions. At long observation time ¢, the
high order terms with larger A can be as-
sumed to disappear more rapidly. Therefore,

C(r,t) = aypge 0Pt (11)

This equation describes the first order
reaction where

dn, (12)
W = —knt; k= 7\,0D.

In general, the concentration change rate is

an E 13

where K, is a constant; f(n,), a function
which defines the reaction order between
the defects.

At isochronous annealing, the tempera-
ture is linear time function T = at + T;
dT = adt, then

d E (14)
c(i—nTt) = constlexp( - ﬁjf(nt).
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Fig. 4. Concentration of defects influencing
the GaP fundamental absorption as a func-
tion of annealing temperature.

In our case, n; = nyexp(=AT). Then,

E, (15)
f(ny) = constZexp(ﬁJexp(—A 1.

The reaction order is a complex tempera-
ture function. This means that there is no
unique annealing mechanism till 600°C. The
beginning of the a(hv) restoring might be
the only exception: isothermal annealing of
the electroconductivity at 130°C and 145°C
allows to determine its activation energy
E,.tin. = 1.5 €V inherent in the point defect
annealing. At higher temperatures, the re-
storing of irradiated crystal parameters
could not be confined to diffusion processes
only. The decay of disorder region complex
defects as well as appearing of qualitatively
new defects related to interacting primary
defects, changes of their configuration and
formation of high temperature complexes
with impurities, etc., become critical. The
set of the mechanisms mentioned causes the
complex f(n;) dependence which defines the
annealing reaction order.

4. Conclusions

It has been stated that fast particle irra-
diation of GaP crystals causes the distortion
of the fundamental absorption edge: the
ohv) curve slope changes and the main ab-
sorption band shifts to the region of lower
quantum energy. The dependence of the ab-
sorption coefficient as a function of concen-
tration of radiation defects which influence
the optical transmission is exponential. The
change of the a(hv) curve slope in the near-
edge region with the fluence is described by
the Urbach law and is interpreted as an
increase of the TSD amplitude and density.
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The shift of the absorption edge is caused
by the Franz-Keldysh effect due to the
inner fields of radiation defects. The effect
increases the probability of the carrier tun-
neling involving a photon. The irradiated
sample transmission is not restored fiully
even at T = 600°C and is characterized by a
variety of the annealing mechanisms. The
function which defines the defect reaction
order depends on temperature. Simple point
defects are annealed at the initial heating
stages before 200°C with activation energy
equal to 1.5 eV.
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V.P.Tartachnyk,

O0co0uBOCTI OIIAKPAOBOr0 ONTHUYHOIO MOTJIMHAHHSA
onpominenoro GaP:Te

O.B.Konopesa, I1.I'./lumosewenko, B.C.Mansxicapa,
B.A.Onunam, B.Il1. Tapmaunuk

IMocaimxeno BILIMB IPOHMKAaUol paxiamii ma monoxpucranu GaP:Te. Ilokasano, mio orm-
pominenus enexrponavMu E = 50 MeB npusBoguTh 0 IIOCTYIIOBOI Jerpazailii Kpawo HOIIMHAHHA
3a PaxXyHOK HEBEePTHUKAJIBHUX IIEPeXOMIiB MisK xBocTaMu 30H. Bimmas pagianiiiaux gedexrtis y

spaskax GaP, ompominenux nHeiirponamu peaxtopa (@ = 3-1

016 u/cm?), masite npu Tion =

600°C me cupuuMHsA€E MOBHOTO BigHOBJEHHsA IxHix mapamerpiB. IlomanbIiie migBUIIIEHHS TeM-
mepaTypu KPUCTAJIa MOKe IIPUBECTH A0 BUHUKHEHHS B HBOMY TepMoge(deKTiB, KOTpi piskKo

NOTipHIyIOTh OTHOPiAHICTL 3pasKa.
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